The potential offered by the intra-body communication (IBC) over the past few years has resulted in a spike of interest for the topic, specifically for medical applications. Fat-IBC is subsequently a novel alternative technique that utilizes fat tissue as a communication channel. This work aimed to identify such transmission medium and its performance in varying blood-vessel systems at 2.45 GHz, particularly in the context of the IBC and medical applications. It incorporated three-dimensional (3D) electromagnetic simulations and laboratory investigations that implemented models of blood vessels of varying orientations, sizes, and positions. Such investigations were undertaken by using ex-vivo porcine tissues and three bloodvessel system configurations. These configurations represent extreme cases of real-life scenarios that sufficiently elucidated their principal influence on the transmission. The blood-vessel models consisted of ex-vivo muscle tissues and copper rods. The results showed that the blood vessels crossing the channel vertically contributed to 5.1 dB and 17.1 dB signal losses for muscle and copper rods, respectively, which is the worst-case scenario in the context of fat-channel with perturbance. In contrast, blood vessels alignedlongitudinally in the channel have less effect and yielded 4.5 dB and 4.2 dB signal losses for muscle and copper rods, respectively. Meanwhile, the blood vessels crossing the channel horizontally displayed 3.4 dB and 1.9 dB signal losses for muscle and copper rods, respectively, which were the smallest losses among the configurations. The laboratory investigations were in agreement with the simulations. Thus, this work substantiated the fat-IBC signal transmission variability in the context of varying blood vessel configurations.
The advancing years have culminated in the novel method of Fat-Intrabody Microwave Communication (Fat-IBC), which is conceptualized in the notion of utilizing fat tissue present between two tissues of high permittivity (i.e. skin and muscle). The transmission medium has been shown to be feasible at and around the microwave frequency of 2.0 GHz in [16] , as well as at the R-band frequencies (1.7-2.6 GHz) [17] . Furthermore, [18] has successfully substantiated 96 % of packet reception rate (PRR) at 2.0 GHz using the medium in the setup of phantom-based and ex-vivo porcine tissue-based investigation. Prior to further implementation of the IBC signal, a quantitative assessment of the biological tissue and the subsequent impacts are undeniably crucial. Ensuring the reliability of the fat-IBC medium calls for the fundamental investigation into the attributes for the channel propagation.
Signal transmission and its quality may be influenced by various factors, with different works and publications highlighting the impact of multiple natural bodily effects in IBC. They include: limb joints and movement in capacitive coupling [19] , [20] , limb gestures on galvanic coupling [21] , [22] , muscle stress [23] , body movement [24] , human skin fibroblast cells [25] , body mass index [26] , and differing fat tissue thicknesses [27] . However, the fat-IBC technique reliability has only been looked into by several works in the context of parameters capable of influencing the channel's performance. Examples of recent investigations include those that affect the transmission channel, such as embedded muscle tissue [28] , nonhomogeneous fat tissue thickness [27] , and blood vessel [29] . The outcomes of these experiments revealed fat-IBC's capacity for excellent communication even in the presence of up to 60 % obstacles of channel height [28] . The signal transmission was not impacted by obstacle less than 15 mm cube and it starts to degrade when the 25 mm height channel is perturbated with a perturbating tissue of size 15 mm cube and above. Furthermore, a maximum loss of 4 dB/cm has been shown for the fat-IBC in a channel of 5 mm thickness, whereby the signal coupling is found to increase parallel to increasing fat tissue thickness [27] .
Generally, fat offers less electric conductivity and dielectric constant relative to its surrounding tissues be it skin or muscle, which subsequently enhances microwave transmission due to its lower attenuation [30] . In contrast, other bodily components of blood, nerves, and muscles among others are characterized with high water content and high losses [30] , whereas the fat tissues are packed with many nerve cells and blood vessels [31] . A preliminary blood vessel study regarding its influence upon communication has been undertaken previously using numerical modeling [29] . Therefore, this work is aiming to undergo a comprehensive assessment regarding the influence of blood vessel signal transmission upon fat-IBC.
This work opted to incorporate three different positions for blood vessels in fat tissue, which were categorized according to their orientations relative to the tissue. Simulation was conducted by using the Computer Simulation Technology (CST) microwave studio software (https://www.cst.com/), while model validation was undertaken by performing ex-vivo porcine tissue measurement. The measurement indicated the simulation outcomes upon blood vessel embedment into fat tissue. Then, the measurements were utilized for the transmission coefficient analysis for all three planes using factors such as blood vessel diameter, number of blood vessels, and relative position of blood vessel from the transmitter. Result extraction was conducted using data sweep at the frequency of 2.45 GHz, while signal transmission of the configurations was compared using a 100 mm length reference channel lacking blood vessels. Besides, each of the electric field distribution was analyzed for the purpose of comprehending microwave dissemination on fat channel.
This work is structured according to the follow flow accordingly. First, Section II explains the fat-IBC technique, followed by Section III that describes the three configurations based on blood vessel tissue arrangements and directions in the fat tissue. The configuration modeling has been carried out in the longitudinal, transverse-vertical, and transversehorizontal planes relative to the microwave propagation, whereby further explanation regarding their respective measurement setup has been provided. Then, results obtained from the simulation and measurements have been depicted accordingly, with a discourse on the impacts of blood vessels towards fat-IBC (including electric field) is included in Section IV. Lastly, Section V outlines the conclusion as a result of this work.
II. FAT-INTRA BODY COMMUNICATION (Fat-IBC)
Fat-IBC is a novel technique incorporating fat tissue as the communication medium between implanted devices. Figure 1 depicts the tissue and its three layers of skin, fat, and muscle for the technique. Following microwave signal propagation throughout the fat tissue, the signal coupling through the tissue was investigated. The setup served as a reference in assessing the influence of signal coupling with the presence of blood vessels in the fat tissue in the subsequent section. 
III. MATERIALS AND MEASUREMENT SETUP
This study incorporated the three factors of sizes, positions, and number of blood vessels during the assessment. Berne and Levy Physiology [32] have described that there are five primary groups of blood vessel, such as arteries, arterioles, capillaries, venules, and veins. Based on this, Asan et al. [29] have opted to evaluate the impact of all three kinds of blood vessels on signal coupling, namely arterioles, arteries, and veins. The mean diameters of the blood vessels are 30 µm, 4 mm, and 5 mm, respectively. With regard to the outcomes yielded, the arterioles did not reveal a significant decrement of signal coupling compared to the reference, which lacked blood vessels.
This work utilized the muscle tissue and copper rods to emulate blood vessel models, whereby their selection was due to similarities in dielectric attributes and high conductivity, respectively. The copper rod had higher conductivity compared to blood vessels, rendering the outcomes estimating worst-case scenarios of blood vessels with extreme materials contrast relative to the fat channel. Table 1 depicts the dielectric attributes of each tissue and materials utilized when measuring them.
To measure the ex-vivo tissue, we used the slim probe in the Keysight N1501A Dielectric Probe Kit, which has, according to datasheet, a typical uncertainty of 10 % (refer page 6 in [33] ). Because the statistical variation (Type A uncertainty) of these measurements was found to be much lower than the datasheet uncertainty (Type B uncertainty), we simplified the uncertainty reporting as 10 % of the value as displayed in Table 1 . For the human tissue, we used the database by Italian National Research Council (http://niremf.ifac.cnr.it/tissprop/) which is based in the work of Gabriel et al. [34] , [35] and has been improved in the modeling. The reported uncertainty for the database which, is not stated was based in [36] and is similar to ours, even though in some cases lower.
Because the measurement of biological tissues is a challenging task and there are many factors that could influence the measurement, we believe that an uncertainty between 5 to 15 % is normal and could help to guide the research, but effort should be put to reduce the uncertainty of the measurement. We can see that our ex-vivo measurement and the database are comparatively similar and that the reported values between different tissues are well distinguishable.
The manual insertion of blood vessel models was undertaken using the three configurations of the transverse-vertical, transverse-horizontal, and longitudinal planes for signal propagation across the fat tissue. They were the representative configurations for different blood vessel orientations that may possible happen in the fat channel. Signal coupling measurement using these configurations would elucidate the influence of blood vessels upon the transmission channel. The transverse-vertical and transverse-horizontal planes were characterized with blood vessels positioned at 10, 30, 50, 70, and 90 mm from the transmitter (TX), while the measurements were taken at each blood vessel location and diameters. Meanwhile, Figure 2 to typical values [37] and bottom layer of muscle, which was 30 mm in thickness. The stark difference of muscle layer thickness was attributable to its minimal impact signal transmission [16] . Figure 3 depicts the varying locations and dimensions of the blood vessel model in the fat tissue, whereby Figure 3a reveals the side-view according to the TX side. Meanwhile, the three images shown at the left side show the position at which the number of vessel multiply from one vessel to three. Such position is calculated via division by − W /4, 0 (center), and + W /4, where W is the sample width, − W /4 is situated to the left of the width, and + W /4 is situated to the right of the width. In contrast, the three images shown at the right side show the position at which the blood vessel insertion occurs at the top, center, and bottom of the fat tissue. This is allocated as +T fat/4 , 0 (center), and −T fat/4 , where T fat is the fat tissue thickness, +T fat/4 is the blood vessel placement close to the layer of skin, and −T fat/4 is adjacent to layer of muscle. Next, Figure 3b depicts the vessel location from the upper view of the transmission, which is calculated via division by − W /4, 0 (center), and + W /4 across the thickness of the fat tissue. Meanwhile, Figure 3c depicts the blood vessel location from VOLUME 7, 2019 the frontal view of the transmission channel, whereby the vessels are located at +T fat/4 , 0 (center), and −T fat/4 across the width of the channel. Both configurations implemented vessel movement from 10 mm to 90 mm by 20 mm step (see Figures 3b and 3c) .
A comprehensive experiment was set up to assess the effect of blood vessel upon the fat-IBC as shown in Figure 4 . It consisted of the following: a Fieldfox Microwave Analyser [38] , a pair of rectangular waveguide probes [17] , [39] , a threelayered ex-vivo porcine tissue comprised of skin, fat, and muscle (top to bottom), and blood vessel models with three different diameters.
A mold container of dimension 61 mm × 230 mm × 63 mm (w × l × h) was produced using a 3D printer with polylactic acid (PLA) plastic filament, which possessed the dielectric attribute of 2.6 ± 0.3. Ex-vivo porcine tissue consisting of skin, fat, and muscle was placed into the plastic container, having the thickness of 2 mm, 25 mm, and 30 mm, respectively, and stacked from top to bottom. The fat and muscle were sourced from newly-slaughtered porcine belly of the local slaughterhouse, which was separated and minced finely using meat mincer. This work opted for a total distance of transmission of 100 mm between the transmitter and receiver. Difficulties in obtaining the copper rods necessary having the precisely identical size as the actual blood vessel in markets resulted in the use of three copper rod of various sizes. Their respective sizes were comparable to human blood vessel to fully comprehend their effect towards signal coupling. Meanwhile, molds shaped as cylinder tubes with diameters of 2 mm, 4 mm, and 6 mm diameter sizes each and 0.4 mm wall thickness were produced using 3D printing to be loaded in the muscle tissue. Such configurations were obtained using blood vessel diameter size of 2 mm, 4 mm, and 6 mm diameter rod. Then, the microwave analyzer was utilized to undertake the ex-vivo measurement using differently-sized rod sizes and positions in the fat tissue in order to assess their effect on the transmission coefficient, S 21 within 1 GHz to 4 GHz frequency range. All assessments were carried out at room temperature (22 • C) and a pair of waveguide probes was implemented to assess the influence of blood vessel dimension and position. This was achieved by its role of supplying and receiving the microwave signal across the fat tissue.
In Figure 4 , the experimental setup of three varying configurations are depicted accordingly. Figure 4a reveals the setup across the longitudinal plane throughout the propagation direction, where Probe 1 was connected to port 1 of the Microwave Analyser and functioned as the transmitter. Meanwhile, Probe 2 was connected to port 2 and functioned as the receiver. Next, Figure 4b reveals the transverse alignment for the blood vessel models across the transmission line, whereby porcine skin was on top of the fat and the minced muscle tissue was at the bottom. This resulted in the boundary confinement of the fat-IBC. Then, the 3D mold container was used to produce a longitudinal window having a printed centimeter scale, which allowed blood vessel model insertion in the transverse-vertical and transverse-horizontal plane positions. Such step was taken to minimize observational error that occurred during measurement, while a reference measurement was recorded prior to blood vessel model insertion for all configurations (muscle or copper rods). In Figure 4c , the setup depicting 90 • rotatory position of the blood vessel models in the transverse plane (Transverse-horizontal). The rods were subjected to displacement from 10 mm to 90 mm of distance away from the transmitter in 20 mm steps, whereas the amount of blood vessel models were multiplied from one to three rods.
IV. RESULTS AND DISCUSSION
This study expressly emphasized the impact of different blood vessel model configurations produced using muscle tissue and copper on the transmission channel. Therefore, the magnitude of the transmission coefficient, S 21 in each case is assessed accordingly as seen in Figure 2 , with the fat channel that lacked the blood vessel models. Figures 5,  6 , 10, 11, 14, and 15 each depict red solid lines to represent the S 21 measurement and simulation outcomes for the signal transmission at 100 mm distance. They also functioned as the reference line in assessing the effect of blood vessel in the channel towards signal coupling, which yielded -26.81 dB (measurement) and -27.39 dB (simulation), respectively, for the fat channel (red reference line). The resulting transmission coefficient recorded due to the measurement was presented alongside the simulation outcomes. Figure 5 and 6 each depict the simulated and measured S 21 values for longitudinal plane according to muscle and for copper rod configurations, respectively. Figure 5 clearly shown that the magnitude of S 21 decreased alongside the incremental amount of muscle rods in the fat tissue (i.e. from one to three rods). Furthermore, muscle rods of 2 mm and 4 mm diameters revealed lesser effect towards signal coupling compared to its 6 mm diameter counterpart, which was proportional to the simulated values. In contrast, the 6 mm diameter yielded increased signal coupling alongside incremental number of rods by ∼0.2-1.6 dB for both simulated value and actual measurement. Therefore, particular configuration produced dissimilar trends in case of copper rods being present. In Figure 6 , higher signal coupling effect is seen upon copper rod placement within the fat at +T fat/4 below the skin in comparison with its placement at −T fat/4 on top of the muscle. The significant decrement of signal coupling at position +T fat/4 below skin was attributable to the difference in permittivities between the skin and muscle. As the skin was thinner and had lesser permittivity compared to the muscle, discontinuities were generated in the signal coupling. Similarly, it may also be explained by the copper rod positioning, which hindered some of the signal transmission across the fat tissue.
In Figure 7 , the electric field (E-field) is conjured up at 2.45 GHz for the fat channel with the lack of blood vessel to function as the reference. The E-field can be seen to be propagated throughout the tissue, remains limited between the layers of skin and muscle.
Next, the longitudinal plane cases were assessed using a rod of 60 mm long, which was placed in the middle of the transmission channel to prevent a strong interaction between the probes and blood vessels. All outcomes subjected to simulations using three muscle tissues so as to emulate the blood vessel for all scenarios using the 2 mm and 6 mm diameter rods. This allowed the projection of a worst-case scenario VOLUME 7, 2019 and assessment of the correlation between the E-field pattern and the signal coupling, S 21 in this work. Figure 8 depicts the lesser impacting outcome for E-field due to the blood vessels (see Figures 8a, 8b , and 8c), whereby Figure 8d reveals that the E-field is displayed when the 6 mm diameter blood vessels are aligned near to the muscle. Meanwhile, Figure 9 shows that the E-field shift when the copper rods are adjacent to the skin +T fat/4 (see Figure 9a and 9c) . Blockage present in the channel minimized the channel thickness and impacted signal couple due to varying E-field in the waveguide that propagated in the transverse electric mode. A signal transmission displays shifting and attenuation in a channel if a conductive material is situated alongside the propagation direction. Therefore, the larger blood vessels in the channel is obviously more impactful compared to their smaller counterparts.
In Figures 10 and 11 , further analysis of the blood vessel impact on the fat tissue is performed by positioning the blood vessel models vertically along the fat tissue. They depicted the impact of signal coupling in the transverse-vertical plane across varying locations for different rod sizes accordingly. Both figures show decreasing S 21 as the number of rods multiply from one to three, while muscle rods of Figure 10 depict lesser effect compared to the copper rods of Figure 11 . In case of the muscle tissue at the maximum diameter size and maximum number of vessels, the signal coupling was decreased by 5.13 dB (measurement) and 5.11 dB (simulation) relative to the reference channel as seen in Figures 10e and 10f . Meanwhile, the copper rods revealed a significant reduction of signal coupling up to 17.13 dB (measurement) and 14.31 dB (simulation) as depicted in Figures 11e and 11f . Such notable loss of energy is explainable by the high level of reflection due to copper rods, which are characterized with high conductivity. If these rods are positioned vertically relative to the transmitter, the electric field will display orthogonal propagation towards the transmission direction as they function as the reflector in the fat channel. This also rendered them to be considered as the transmission line. Stark transverse electric field discontinuity in the transmission channel will significantly disturb the signal propagation, causing substantial signal loss. Moreover, increased copper rod size causes a bigger obstacle within the propagating path, rendering the signal reflected back to generate increased energy loss. In contrast, muscle tissue is characterized with comparable dielectric attributes as the blood vessel and remains less impacted to yield less reflection. However, varying signal coupling may be seen due to blood vessel diameter changes, as dissimilar distances and factors have resulted in comparable trends between the simulation and measurement outcomes. Visualization of the dissimilar signal coupling occurrences with the blood vessel being present in the transverse-vertical configurations is achievable due to E-fields being depicted for both muscle and copper rods. In Figures 12 and 13 , the E-field is shown as blood vessels align accordingly in the transverse-vertical plane. Muscle tissue found in the fat resulted in the continuous propagation of the E-field, as seen in Figures 12a and 12b. In contrast, Figures 13a and 13b depict discontinuous propagation of the E-field distribution and significant decrement of the signal coupling. This is due to the copper rods, which caused the electromagnetic wave to impinge on a conductive material and the E-field to be reflected by the conductor [40] .
In Figures 14 and 15 , the simulated and measured S 21 values for the transverse-horizontal plane cases are shown accordingly. The outcomes obtained for S 21 as a function of positions and numbers of muscle and copper rods are also displayed in the figures. From the simulation carried out, the S 21 magnitude decreased gradually parallel to the increasing number of blood vessel from one to three rods. Therefore, blood vessel and its presence is less effective in impacting the signal coupling of a transmission relative to the fat channel. Such occurrence can be explained by the discontinuous propagation caused by the waveguide in case of transverse-horizontal placement of the blood vessels. This results in it functioning as the splitter and recombiner, rendering the electromagnetic signal to be divided and then recombined. As of present, the differences depicted were correlated to the misaligned copper rod placement during the measurement, which was further shown per the stark discrepancy between the values obtained in the experiment versus those yielded by dissimilar value of dielectric attribute of the ex-vivo tissue. This was apparent across the entire experiment relative to the values imported from the simulation. The transverse-horizontal aligned rods as seen in Figure 16 reveals less attenuation effect for the E-Field in the channel despite a larger diameter. Therefore, blood vessel formation and presence in such situation are less impactful towards signal coupling, explainable by the blood vessel orientation. The attribute allows E-field splitting using a coherent phase and subsequent signal recombination, as seen in literature [41] . It can be concluded that dissimilarities of each configuration in their signal transmission performances are attributable to the position of the blood vessel. In the transverse-vertical plane, higher reflection is seen due to their reflector-based behavior, while blood vessels in the transverse-horizontal plane function as a splitter and recombiner. Meanwhile, the longitudinal plane is characterized by blood vessel that functions as a splitter, whereby there is no electric field recombination due to mismatched signal propagation.
The maximum signal loss for blood vessels configurations has been discussed. The bracketed value is the simulated outcomes, while non-bracketed values are the results obtained from the measurement. The longitudinal plane resulted in a maximum signal loss of 6.11 dB (4.56 dB) relative to the reference in case of the muscle rods when three 6 mmsized vessels were positioned at −T fat/4 (close to muscle). Meanwhile, the signal coupling revealed low-impact value of 2.94 dB (1.40 dB) when the vessels were positioned at +T fat/4 (close to skin). In contrast, the maximum signal loss relative to the reference was recorded as 7.69 dB (6.14 dB) in case of the copper rod when three 6 mm-sized vessels were positioned at +T fat/4 (close to skin). Meanwhile, the signal coupling revealed almost zero effect upon vessel placement at −T fat/4 (close to muscle). Besides, the loss observed in the transverse-vertical plane displayed increments alongside increasing amount of vessel and vessel size. The signal loss of 2.79 dB (3.94 dB) in case of the copper rods and 3.42 dB (2.20 dB) in case of the muscle rods when three 6 mm-sized vessels were positioned in the channel. The signal loss with respect to reference in case of both cases are the same in all positions, which are vessel movement from 10 mm to 90 mm by 20 mm step. In transverse-horizontal plane, the maximum signal loss of 21.52 dB (20.94 dB) relative to the reference in case of the copper rods when three 6 mm-sized vessels were positioned near to the transmitter or receiver. Contrary, the maximum signal loss of 5.59 dB (5.55 dB) in case of the muscle rods with the same condition were positioned in the center of the channel which is at 50 mm distance.
Additionally, Table 2 compares the simulated and measured transmission loss (S 21 ), which is enumerated in the form of average values relative to the fat channel across all places. The bracketed value is the simulated outcomes, while non-bracketed values are the results obtained from the measurement. In longitudinal plane, the average loss for 2 mm, 4 mm, and 6 mm diameter sizes of muscle rods was about 1.70 dB (0.68 dB), 1.84 dB (1.17 dB), and 3.25 dB (2.24 dB), respectively. These values were similar to the copper rod, which yielded 2.64 dB (0.96 dB), 2.92 dB (1.37 dB), and 3.33 dB (1.95 dB), respectively. Moreover, in transversevertical plane, muscle rod insertion from one to three vessels yielded the average loss of 2.12 dB (2.09 dB), 2.53 dB (2.50 dB), and 2.95 dB (2.93 dB), respectively, for all distances. Such losses were increased in case of larger-sized diameters and number of vessels. Similarly, the average loss was higher relative to the reference for all distances in case of copper rod insertion from one to three vessels, recording 5.44 dB (3.20 dB), 8.38 dB (5.19 dB), and 13.77 dB (11.33 dB), respectively. When copper rods were inserted as blood vessels, those positioned in the transverse-vertical plane attenuated and yielded the most signal coupling. The maximum loss in transverse-vertical plane was recorded to be 17.13 dB (14.31 dB) for three 6 mm-sized copper rods, thereby being the representative worst-case scenario compared to the longitudinal and transverse-horizontal planes. Finally, the average loss in transverse-horizontal plane for 2 mm, 4 mm, and 6 mm diameter sizes of 1.86 dB (0.64 dB), 2.12 dB (0.90 dB), and 2.79 dB (1.56 dB) in case of muscle rods and 1.51 dB (0.80 dB), 1.64 dB (1.08 dB), and 1.62 dB (1.99 dB) in a case of copper rods. The transverse-horizontal plane revealed the least effect in case of blood vessel presence, with a maximum average loss of 3.42 dB (2.20 dB) for muscle and 1.91 dB (3.94 dB) for copper rod. These were obtained from three 6 mm-sized vessels.
V. CONCLUSIONS
This work assessed the influence of blood vessels having varying orientations, diameter sizes, and positions towards the signal transmission for the fat-IBC application. The blood vessel orientation and its impact was evaluated using homogeneous three-layered ex-vivo porcine tissues across the three planes of transverse-vertical, transverse-horizontal, and longitudinal in the fat tissue. Simulations and experiments were both conducted using muscle and copper rods of different sizes. They were representative of the 2 mm, 4 mm, and 6 mm-sized blood vessels so as to efficiently evaluate the resulting impact towards signal transmission in fat-IBC. The following points are to be noted as per the simulated and measured results obtained (note that the bracketed value represents the simulated results, while the non-bracketed value represents the measured results):
• In the longitudinal plane, signal coupling shows more effect in case of muscle rod placement adjacent to the muscle layer (−T fat/4 ), whereas similarly higher impact is seen in case of copper rods when positioned adjacent to the skin layer (+T fat/4 ). This is due to disturbances of the peak electric field when being propagated, resulting in significant total average loss for both materials.
• Copper rod alignment in transverse-vertical direction along with propagation yields highly attenuated signal of up to 17.13 dB (14.31 dB) loss. It then vanished as the copper is highly conductive, upon number of vessel multiplied from one to three vessels, and in case of 6 mm-sized vessels.
• Muscle and copper rods positioned in the transversehorizontal plane yield values with a difference VOLUME 7, 2019 of 3.42 dB and 1.91 dB relative to the fat channel reference, as well as the least effect due to blood vessel presence. The results obtained from measurements and simulations have both displayed excellent agreement and are wellsupported via electric field visualization. Therefore, this confirms the reliability of the simulated outcomes obtained. Moreover, the higher conductivity of copper compared to blood vessels allowed this study to project the worst-case scenario of path loss. The transverse-vertical plane was found to display the most impact towards signal coupling and followed by the longitudinal plane, before the transverse-horizontal plane subsequently revealed the least impact with the blood vessel influence.
Such conclusion is indicative of the impact and influence posed by the size of blood vessel towards communication signal transmission. All outcomes obtained in this study collectively revealed the effect of blood vessel towards signal transmission and its potential function as the benchmark in the process of developing implant antennas for the fat-IBC technique. Therefore, this work will assist in the generation of implant communication methods in view of low power attributes and high-quality transmission. Future investigation should develop blood vessel modeling in the fat-IBC with blood velocity and body dynamics being considered as additional parameters. 
